Nonsense-mediated mRNA decay (NMD) eliminates transcripts carrying premature translation termination codons, but the role of NMD on yeast unspliced pre-mRNA degradation is controversial. Using tiling arrays, we show that many unspliced yeast premRNAs accumulate in strains mutated for the NMD component Upf1p and the exonuclease Xrn1p. Intron identity and suboptimal splicing signals resulting in weak splicing were found to be important determinants in NMD targeting. In the absence of functional NMD, unspliced precursors accumulate in the cytoplasm, possibly in P-bodies. NMD can also complement RNase III-mediated nuclear degradation of unspliced RPS22B pre-mRNAs, degrades most unspliced precursors generated by a 5 0 splice site mutation in RPS10B, and limits RPS29B unspliced precursors accumulation during amino acid starvation. These results show that NMD has a wider impact than previously thought on the degradation of yeast-unspliced transcripts and plays an important role in discarding precursors of regulated or suboptimally spliced transcripts.
INTRODUCTION
Nonsense-mediated mRNA decay (NMD) is an RNA surveillance pathway that eliminates transcripts carrying premature translation termination codons (PTCs; reviewed in Behm-Ansmant et al., 2007; Chang et al., 2007; Conti and Izaurralde, 2005; Lejeune and Maquat, 2005) . This surveillance mechanism relies on the Upf proteins, which target PTC-containing transcripts for degradation (Chang et al., 2007; Conti and Izaurralde, 2005; Leeds et al., 1992; Lejeune and Maquat, 2005) . The physiological functions of NMD have been analyzed in a variety of organisms. In mammalian cells, NMD prevents the accumulation of truncated proteins that would result from mutations found in patients affected by genetic diseases (Behm-Ansmant et al., 2007; Frischmeyer and Dietz, 1999) . NMD also plays a role in regulating transcripts that have incorporated PTC-containing exons by alternative splicing (Green et al., 2003; Hillman et al., 2004; Hori and Watanabe, 2005; Lareau et al., 2007; Ni et al., 2007) . In yeast and mammalian cells, NMD controls the expression of a large number of natural transcripts (Guan et al., 2006; He et al., 2003; Johansson et al., 2007; Lelivelt and Culbertson, 1999; Mendell et al., 2004) . In C. elegans, Arabidopsis, and Paramecium, NMD contributes to the elimination of unproductively spliced mRNAs (Arciga-Reyes et al., 2006; Jaillon et al., 2008; Mitrovich and Anderson, 2000) . NMD also controls the expression of C. elegans pseudogenes (Mitrovich and Anderson, 2005) .
Due to the great likelihood of encountering intronic PTCs, it seems logical that NMD would target unspliced pre-mRNAs for degradation in all eukaryotes. However, the impact of NMD on unspliced pre-mRNA degradation in the model yeast S. cerevisiae has been controversial. Unspliced forms of three premRNAs were found to accumulate in the upf1D mutant (He et al., 1993; Li et al., 1995) . However, the analysis of the splicing and expression of intron-containing transcripts using splicing microarrays in the xrn1D, upf1D, or upf3D mutants failed to reveal widespread accumulation of unspliced pre-mRNAs (Burckin et al., 2005; Clark et al., 2002; Pleiss et al., 2007) . In addition, several studies have pointed to nuclear or cytoplasmic degradation pathways for yeast unspliced pre-mRNAs that are independent of NMD. Unspliced transcripts generated by a mutation of the Prp2p splicing factor are not stabilized by NMD mutations (Bousquet-Antonelli et al., 2000) , but their accumulation is increased by inactivation of the nuclear exosome, suggesting nuclear decay. Inactivation of the nuclear exosome component Rrp6p also increases the accumulation of unspliced transcripts of genes for which the spliceosome is not associated with the sites of transcription (Moore et al., 2006) . In support of the hypothesis of a nuclear retention and degradation system is the finding that depletion of the nuclear pore-associated Mlp1p protein increases the leakage of unspliced pre-mRNAs of an inefficiently spliced reporter transcript (Galy et al., 2004) . Specialized nuclear degradation systems for unspliced pre-mRNAs have also been described that rely on the nuclear RNase III Rnt1p (Danin- Kreiselman et al., 2003) . In contrast to these findings, which suggest nuclear degradation of several yeast unspliced pre-mRNAs, the decay of actin intron-based reporter transcripts containing splicing signals mutations depends on Xrn1p, the cytoplasmic 5 0 / 3 0 exonuclease, but is not affected by Upf1p absence (Hilleren and Parker, 2003) . The decay of several cytoplasmic unspliced meiotic transcripts is also independent of Upf1p (Scherrer and Spingola, 2006) . Interestingly, these observations were made on different transcripts, suggesting transcript-specific degradation pathways. These observations led us to revisit the global impact of NMD on yeast intron-containing transcripts (hereby called the intronome). In this study, using tiling array analysis of strains lacking Xrn1p or Upf1p, we show that NMD eliminates a large number of unspliced pre-mRNAs, many of which are not spliced with high efficiency, due in part to suboptimal splicing signals. Taken together with previous studies, these results show that the mechanisms of degradation of unspliced pre-mRNAs are multiple and sometimes complementary, underscoring the importance of various surveillance pathways for unprocessed species.
RESULTS
Tiling Microarray Analysis of the S. cerevisiae Intronome in upf1D and xrn1D Deletion Strains To investigate the role of NMD in intron-containing transcripts expression and unspliced pre-mRNA degradation, we monitored the accumulation of intron-containing genes (ICGs) using Affymetrix S. cerevisiae tiling arrays in the upf1D and xrn1D deletion strains. Upf1p is one of the main components of the yeast NMD machinery (Leeds et al., 1991) , and Xrn1p is the major 5 0 / 3 0 exonuclease that degrades transcripts through the NMD pathway (He and Jacobson, 2001) . Although Xrn1p also plays a role in constitutive mRNA degradation, we expected bona fide NMD targets to present similar profiles in upf1D or xrn1D mutant strains, as shown in previous expression microarray For genes exhibiting two introns, the first intron is indicated by .1.
studies (He et al., 2003) . We chose to use tiling arrays, since these have been previously used to efficiently detect intronic RNAs (Juneau et al., 2007; Zhang et al., 2007 ) and also because previously described custom splicing arrays did not reveal widespread effects of NMD mutants on unspliced precursor accumulation (Burckin et al., 2005; Clark et al., 2002; Pleiss et al., 2007) . Four independent cultures were used for wild-type, xrn1D, and upf1D mutants, and probes prepared from the corresponding RNAs were hybridized to Affymetrix tiling arrays. We monitored the expression of probe sets corresponding to intronic and exonic regions of 278 intron-containing genes (ICGs) and corresponding to 287 intronic features, since nine ICGs contain two introns. Following bioinformatics analysis (described in the Supplemental Data available online), classification of transcripts according to phenotypic classes was confirmed by visual inspection of the tiling array profiles (see examples in the Supplemental Data). Figure 1 shows the clustering of exon1, intron, and exon 2 signals in the upf1D mutant strain compared to wild-type for all ICGs. This clustering revealed that a subpopulation of ICGs shows an increase of intronic signal in the upf1D strain compared to the wild-type, without major change of signal in exonic sequences ( Figure 1A) . Strikingly, most of these ICGs corresponded to ribosomal protein genes (RPGs) as represented by red bars on the left side of the dendrogram (Figure 1) . Analysis of the intron-containing RPGs subpopulation ( Figure 1C ) showed that 31% of RPG introns (33 introns) had a more than 2-fold increase of intronic signal in the upf1D mutant compared to wild-type. Compared to the number of ICGs showing a more than 2-fold increase of intronic levels in the non-RPGs population (19), there is a significant enrichment for RPGs (p value < 1.6 3 10
À5
). The subpopulation of RPGs for which elevated (>2-fold) levels of intronic signals were observed upon Upf1p inactivation (hereby called NMD sensitive) is shown in detail in Figure 1D . Most of these did not exhibit any change or only a slight decrease in exonic signal. One exception was RPL22B, for which an increase in exonic signal was detected in upf1D ( Figure 1D ; Figure S1 ). This effect could be explained by the fact that the amount of unspliced RPL22B that accumulates in upf1D is so high that it exceeds that of spliced RPL22B in wild-type (see below, Figure 7 ). When non-RP ICGs were clustered separately ( Figure 1B ), the main cluster was a family of ICGs for which a signal increase in upf1D occurred throughout exonic and intronic regions. Many of these ICGs correspond to subtelomeric genes encoding helicase-like proteins. The overall signal increase in these regions for the upf1D mutant was also observed in neighboring regions outside of these genes; therefore, this phenotype might have been the result of a decrease of subtelomeric silencing. Because it is unclear whether or not these genes are actually functional, we did not analyze this subset of genes further.
We also analyzed intronic and exonic signals in the xrn1D strain relative to the wild-type strain ( Figure S2 ). The increase of intronic signal observed in the upf1D strain for many RPGs was also observed in xrn1D ( Figure S2 ). To visualize the differences between ICGs expression in the xrn1D and upf1D strains, we compared the array profiles of ICGs between these two strains. Several ICGs exhibited an increase in exonic signals in xrn1D compared to upf1D ( Figure S3 ) without change in intronic signal (top of the dendrogram, Figure S3 ), which suggested increased spliced mRNA levels. This increase could be attributed to the role of Xrn1p in general mRNA degradation (Parker and Song, 2004) . We also found transcripts for which intronic signals were higher in xrn1D compared to upf1D, suggesting that some unspliced precursors accumulate to higher levels when the exonuclease component is disrupted. Quantification of intronic and exonic signals is provided in Table S3 . Some genes also showed a stronger accumulation of both intronic and exonic signals in the xrn1D strain compared to the upf1D strain, consistent with a stronger accumulation of unspliced and spliced species in the xrn1D strain compared to upf1D. Both RPGs and non-RPGs were found among those, including the YRA1 transcript, which exhibited a strong increase of intronic and exonic signals in the xrn1D strain compared to wild-type, but not in the upf1D strain ( Figure S3 ). These findings are consistent with previous studies, which involved Xrn1p, but not Upf1p, in the degradation of YRA1 unspliced mRNAs (Dong et al., 2007; Preker and Guthrie, 2006) . However, the overall clustering patterns were very similar in the strain lacking Xrn1p compared to the strain lacking Upf1p, strengthening the argument that transcripts for which intronic signal accumulation is observed are targeted by NMD.
Effects Detected on Tiling Arrays Can Be Reproduced by Northern Blot Analysis
Tiling arrays analysis showed an accumulation of intronic signal for many RPG transcripts in the upf1D and xrn1D mutants. While this accumulation was consistent with an increase of unspliced pre-mRNAs in these mutants (with the level of unspliced largely smaller than those of spliced mRNAs), we could not formally exclude that the observed intronic signal was the result of a lack of degradation of the excised introns. We therefore validated the microarray results by analyzing a set of candidates by northern blot. Figure 2 shows the northern blot analysis of several ICGs in the upf1D and xrn1D deletion strains. To further test if unspliced pre-mRNA accumulation occurs generally in NMD mutants, we also analyzed unspliced transcripts accumulation in mutants lacking Upf2p and Upf3p ( Figure 2C ). As a positive control, we used a strain carrying a thermosensitive mutation in the splicing factor Prp2p to detect the presence of unspliced pre-mRNAs. These experiments showed that whenever we detected an increase in intronic signal by tiling arrays, we were also able to detect unspliced pre-mRNAs by northern blot analysis ( Figure 2 ). This effect was observed mostly for RPGs, but also for the REC107 meiotic transcript (Figure 2A ). We also analyzed RPL25 by northern blot, which did not show any intronic signal accumulation in the upf1D and xrn1D strains on tiling arrays. We were unable to detect an increase of unspliced RPL25 precursors in these mutants, while these precursors were readily detectable in the prp2-1 splicing mutant. Interestingly, the quantitative differences between strains on the tiling arrays could be reproduced by northern blot. For example, the RPL21A intronic signal relative to wild-type was similar for the upf1D and xrn1D mutant strains as judged by tiling arrays ( Figure S5A ) or by northern blot ( Figure 3B ). The RPP1B transcript exhibited higher intronic signal in upf1D than in xrn1D on the tiling arrays ( Figure S5B ), which was confirmed by northern blot ( Figure 2B ). Reciprocally, RPS14B exhibited stronger intronic signal in xrn1D than in upf1D on the arrays ( Figure S5B ), which was also detected by northern blot ( Figure 2B ). In addition, elevated exonic RPS14B signal was detected in the xrn1D strain on the arrays ( Figure S5C ), which was confirmed by higher levels of spliced mRNAs on the northern blot ( Figure 2B ). Therefore, the relative differences detected by the tiling arrays can be used with confidence to predict relative differences in gene expression between strains. However, numbers extrapolated from the tiling array analysis were generally lower than the quantifications of the northern analysis (compare numbers in Figure 2 and Table S3 ), suggesting that the tiling array analysis underestimates the quantitative effects of NMD. Finally, the observation that unspliced precursors accumulate to similar levels in the upf1D, upf2D, and upf3D strains ( Figure  3C ) emphasizes the fact that these unspliced precursors are NMD targets.
Effects of the Combined Inactivation of NMD and of the Nuclear Exosome Component Rrp6p or of the Nuclear Retention Protein Mlp1p on the Accumulation of Unspliced Transcripts
To test whether additional nuclear degradation or retention systems contributed to the degradation of unspliced NMD targets, we combined the upf1D deletion with a deletion of either RRP6 or MLP1. Rrp6p is a component of the nuclear exosome, and some unspliced pre-mRNAs have been shown to accumulate in rrp6 mutants (Bousquet-Antonelli et al., 2000; Moore et al., 2006) . The accumulation of unspliced pre-mRNAs was first analyzed for the NMD-sensitive RPGs RPL19A, RPL21A, RPL36A, and RPP1B ( Figure 3A ). The inactivation of Rrp6p did not result in an increase of these unspliced pre-mRNAs, nor did it exacerbate the accumulation of unspliced pre-mRNAs when combined with the upf1D deletion ( Figure 3A ). This result suggests that these pre-mRNAs are not subjected to nuclear surveillance but that their principal mode of degradation relies on NMD.
Mlp1p is required for nuclear retention of an inefficiently spliced RP51B-based pre-mRNA reporter transcript (Galy et al., 2004) . We analyzed the accumulation of the NMD-sensitive pre-mRNAs RPL21A, RPP1B, and RPS11B in upf1D, mlp1D, and upf1D m1p1D strains ( Figure 3B ). Mlp1p depletion in the upf1D strain did not exacerbate the accumulation of these unspliced pre-mRNAs ( Figure 3B ), suggesting that the Mlp1p-mediated nuclear retention system is not active on these premRNAs. We conclude that these transcripts are not retained in the nucleus and that they can escape to the cytoplasm where they are targeted by NMD (see below, Figure 6 ).
We also investigated whether Rrp6p or Mlp1p depletion, alone or in combination with Upf1p depletion, could result in the accumulation of unspliced pre-mRNAs for NMD-insensitive ICGs. Northern blot analysis of RPS18A, RPL39, and GOT1, which are unaffected by the upf1D or xrn1D mutations, did not reveal any accumulation of unspliced pre-mRNA in the rrp6D or rrp6D upf1D mutants ( Figure 3C ), indicating that these transcripts either do not produce significant levels of unspliced pre-mRNAs or that their degradation relies on other pathways. Similarly, MLP1 deletion in combination with the UPF1 deletion did not result in accumulation of unspliced RPL25, RPL16A/B, or GOT1 mRNAs ( Figure 3C ), suggesting that these transcripts are probably not retained in the nucleus, which would have explained their insensitivity to NMD.
Finally, RPS11B and RPL16A were the only transcripts for which inactivation of both Rrp6p and of Upf1p resulted in a minor increase in unspliced transcripts compared to the single mutants ( Figure 3D ). These results show that in some particular cases, the nuclear exosome can functionally complement NMD in the degradation of unspliced transcripts.
NMD Complements Rnt1p-Mediated Degradation of Unspliced RPS22B Species RPS22B contains two introns, the second of which contains the box H/ACA snoRNA snR44. We previously showed that Rnt1p, a nuclear double-stranded RNA endonuclease, cleaves a stem-loop structure in the first intron, triggering degradation of the unspliced or partially spliced precursors containing intron 1 (Danin-Kreiselman et al., 2003) . Since RPS22B was found among NMD targets (Figure 1) , we tested whether NMD could complement Rnt1p-mediated degradation for this transcript by combining the upf1D deletion with a deletion of both stem-loops in the first intron of RPS22B (DSL1+2, see Danin-Kreiselman et al., 2003) . We then monitored the accumulation of unspliced RPS22B species in these mutants ( Figure 3E ). While the deletion of the stem-loops or of UPF1 resulted in only a modest increase of unspliced pre-mRNAs, the double mutant showed a dramatic increase of partially spliced pre-mRNAs that retain intron 1 ( Figure 3E ). An increase in partially spliced RPS22B transcripts that retain intron 1 was also observed when the stem-loop deletion was combined with Upf2p or Upf3p inactivation ( Figure 3E ). These results show that the NMD pathway complements Rnt1p-mediated degradation in preventing the accumulation of unspliced RPS22B species. We also found that the amount of RPS22B-spliced mRNAs were increased in the upf1D, DSL1+2 double mutant, compared to wild-type or to the corresponding single mutants. This result was also observed when Upf2p or Upf3p were inactivated in addition to the stem-loop deletion ( Figure 3D ). In contrast, the amount of snR44 was not increased in any of the double mutants ( Figure 3D, snR44 probe) . This result shows that both Rnt1p-mediated degradation, and more surprisingly, the NMD pathway, compete with splicing. These two degradation pathways thereby titrate a significant fraction of precursors away from the splicing pathway, rendering precursor degradation rate limiting for the production of spliced RPS22B mRNAs.
Intron Identity Is a Key Determinant for Targeting of Unspliced Pre-mRNAs to NMD We next investigated the determinants of NMD targeting for unspliced transcripts. Experiments described in the Supplemental Data showed that UTR sequences, promoter identity, or chromatin environment were not likely to be major determinants for NMD targeting. Therefore, we focused our investigations on the role of intronic elements using an intron replacement strategy. We replaced the small intron (80 nt) of the GOT1 gene, which is NMD insensitive, with those of RPL19A or RPS11B, which are NMD sensitive. The lack of sensitivity of GOT1 to NMD is not due to the lack of PTCs, as these were found in unspliced GOT1. Intron replacement was performed by homologous recombination at the GOT1 chromosomal locus using the delitto perfetto technique (Storici et al., 2001) , followed by UPF1 knockout. When the GOT1 intron was replaced with that of RPL19A, unspliced chimeric GOT1-RPL19A precursors were found to accumulate, and this accumulation was strongly exacerbated by Upf1p inactivation ( Figure 4A ). The same result was observed when the GOT1 intron was replaced by that of RPS11B ( Figure 4B ). A doublet of bands was observed for unspliced chimeric GOT1-RPS11B precursors, which might indicate, in addition to the bona fide unspliced transcripts, a cryptic splice site or cryptic transcription initiation event triggered by the insertion of the RPS11B intron into the GOT1 gene. To rule out that modifying GOT1 intronic structure perturbs its splicing efficiency, we replaced the GOT1 intron with those of ACT1 or RPL25, which are NMD-insensitive. In contrast to the result observed with RPL19A or RPS11B, we did not detect unspliced precursor accumulation when the GOT1 intron was replaced with ACT1 or RPL25, even in the absence of Upf1p ( Figure 4C ). This was not due to the lack of PTCs, as many could be found in these chimeric precursors (data not shown). Finally, the intron sizes of RPL19A (506 nt), RPS11B (511 nt), ACT1 (305 nt), or RPL25 (414 nt) are comparable, ruling out a size-specific effect. This experiment unambiguously shows that intron identity is a major determinant of NMD targeting and that substituting the intron of an NMD-insensitive transcript (GOT1) with an intron of an NMD-sensitive one (RPL19A or RPS11B) is sufficient to target this chimeric-unspliced transcript to NMD.
Introns With Suboptimal Splicing Signals Are Enriched among NMD Targets, and the Accumulation of Unspliced RPL19A in the upf1D Mutant Can Be Prevented by Changing Its Suboptimal Branchpoint to the Consensus Sequence The previous experiments showed that intron identity is a major determinant of NMD targeting. This effect was not likely due to PTC position the within the intron (which would mimic the faux UTR model; Amrani et al., 2004) , as transcripts with different intron sizes, 3 0 exon sizes, and PTC positioning are found in NMDsensitive and NMD-insensitive clusters (data not shown). Thus, we investigated whether NMD-sensitive ICGs are enriched for introns containing suboptimal splicing signals. When we analyzed the proportion of introns containing suboptimal splicing signals (i.e., those that contain either a 5 0 splice site that differs from the canonical GUAUGU and/or a branchpoint that deviates from the canonical UACUAAC), we found that they comprise 46% of NMD-sensitive introns (45/98) compared to 35% for NMD-insensitive introns (67/189). This significant (p < 0.05) enrichment for suboptimal splicing signals in NMD-sensitive introns suggested that unspliced precursors might accumulate in NMD mutants because of their intrinsically inefficient splicing. To test the hypothesis of a contribution of suboptimal splicing signals to NMD targeting, we mutated the branchpoint of the RPL19A intron that was previously transposed in GOT1. The suboptimal UAACUAAC sequence was changed to the consensus UA-CUAAC by delitto perfetto, followed by Upf1p inactivation. Although this mutation had no effect on GOT1 expression in the context of active NMD ( Figure 4D , lanes 1and 2), it was sufficient to prevent unspliced GOT1 pre-mRNAs accumulation when Upf1p was inactivated ( Figure 4D ). This experiment demonstrates that NMD targeting resides, at least for RPL19A and for a fraction of NMD-sensitive ICGs, in their suboptimal splicing signals that drive production of unspliced precursors.
Unspliced RPS10B Transcripts Resulting from a 5 0 Splice Site Mutation Are Stabilized by NMD Inactivation Unspliced precursors resulting from splice site or branchpoint mutations of ACT1 or RP51 are typically detectable without NMD perturbation (Chanfreau et al., 1994; Hilleren and Parker, 2003; Vijayraghavan et al., 1986) . However, the previous results suggested that NMD might be involved in degrading unspliced transcripts generated by splice site mutations. We tested this hypothesis by introducing a mutation in the 5 0 splice site (SS) of RPS10B. This gene was chosen because inactivation of Upf1p resulted in increased RPS10B intronic signal by tiling arrays ( Figure S4 ). The 5 0 SS was mutated from GUAUGU to GCAUAU at the RPS10B chromosomal locus by delitto perfetto. As expected, this mutation resulted in a strong decrease of spliced RPS10B ( Figure 5A ). While this mutation is expected to completely block RPS10B splicing, the residual spliced mRNA detected might be due to crosshybridization of the riboprobe with the RPS10A paralogue. More importantly, and in contrast to results observed with ACT1-or RP51-based reporters (Chanfreau et al., 1994; Hilleren and Parker, 2003; Vijayraghavan et al., 1986) , unspliced precursors did not accumulate to high levels in this 5 0 SS mutant strain. However, when this 5 0 SS mutation was combined with deletion of UPF1, UPF2, or UPF3, all double mutants showed a dramatic stabilization of unspliced RPS10B premRNAs ( Figure 5A ). This result shows that NMD targets unspliced mutant transcripts of the RPS10B gene for degradation and that these unspliced species do not accumulate to high levels unless NMD is inactivated. We also tested whether inactivation of the nuclear exosome component Rrp6p would exacerbate RPS10B precursor accumulation in the RPS10B 5 0 SS mutant. Strikingly, Rrp6p inactivation in this mutant resulted only in a slight increase of unspliced precursors ( Figure 5B ), indicating that these transcripts are, in majority, targeted by NMD and that the nuclear exosome only plays a modest role in their degradation. When the same 5 0 SS mutation was introduced into the ACT1 intron transposed into the GOT1 gene (see Figure 4) , unspliced precursors (A), except that the 5 0 SS mutation was introduced in the ACT1 intron that was transposed in the GOT1 gene (see Figure 4B ). levels were not exacerbated by NMD inactivation ( Figure 5C ). This result is consistent with previous results showing that unspliced ACT1 precursors are immune to NMD (Hilleren and Parker, 2003) and confirms that different precursor transcripts obey different modes of degradation as the ACT1 precursor and several other unspliced transcripts resulting from a prp2 mutation are discarded through degradation pathways other than NMD (Bousquet-Antonelli et al., 2000; Hilleren and Parker, 2003) .
Unspliced RPS10B Precursors Are Degraded by NMD in the Cytoplasm and May Be Targeted to P-Bodies A yeast NMD reporter substrate was previously shown to be targeted to cytosolic P-bodies (Sheth and Parker, 2006) . If unspliced precursors are NMD targets, we expect that they should accumulate in P-bodies in the absence of functional NMD. In addition, we would expect them to accumulate in diffuse cytoplasmic signal in the absence of Upf1p, which is required for P-body formation and substrate targeting (Sheth and Parker, 2006) . To test this hypothesis, we investigated the localization of unspliced RPS10B precursors using fluorescence in situ hybridization. In the context of functional NMD, unspliced RPS10B transcripts that accumulate naturally are detected exclusively in the nucleus ( Figure 6A ), adjacent to or overlapping the DAPI staining (80% of cells, n = 60), possibly because unspliced transcripts are degraded quickly once they reach the cytoplasm. Strikingly, in strains lacking NMD components Upf1p or Upf2p, unspliced RPS10B was found mostly in the cytoplasm ( Figure 6A ; upf1D, 95.2% of cells, n = 63; upf2D, 72.3% of cells, n = 36). In upf2D cells, this cytoplasmic signal was concentrated in multiple foci that we suspect to be P-bodies ( Figure 6A ). In contrast to unspliced RPS10B pre-mRNAs, the nuclear localization of the control U14 snoRNA transcripts was unaffected in NMD mutants ( Figure 6B ). These results are consistent with previous studies describing the localization of a reporter NMD substrate in P-bodies in the absence of Upf2p (Sheth and Parker, 2006 ). We could not formally demonstrate that those are P-bodies, but given their cytoplasmic localization and previous demonstration that yeast NMD substrates are targeted to P-bodies (Sheth and Parker, 2006) , this makes this conclusion very likely.
NMD Limits the Accumulation of Unspliced Precursors during Amino Acid Starvation
Unspliced precursors of many RPGs accumulate during amino acid starvation (Pleiss et al., 2007) . These results have been interpreted as a selective inhibition of splicing of these RPGs during this stress. We noticed a large overlap of NMD targets detected in this study and of RPGs affected by amino acid starvation ( Figure 7A ). Furthermore, it has been shown that amino acid starvation can inhibit NMD (Mendell et al., 2004) . Therefore, an accumulation of unspliced RPGs in amino acid starvation could be interpreted by a possible inactivation of NMD and by the inhibition of the degradation of some of these unspliced precursors in these conditions. We therefore investigated whether NMD inactivation would be epistatic to the unspliced precursor accumulation phenotype observed during amino acid starvation. Wild-type and upf1D strains were shifted to a medium containing 50 mM aminotriazole (3AT) to induce amino acid starvation. The level of unspliced RPS29B and RPL22B, which was found to be both NMD sensitive and affected by amino acid starvation, was then assessed by northern blot. In wild-type cells, unspliced precursors of RPS29B and RPL22B were detected transiently after 10 min in 3AT medium, after which their levels reverted to close to normal levels ( Figure 7) . We observed the same increase of unspliced RPS29B precursors in the upf1D strain, showing that this increase was not likely due to NMD inhibition since NMD is defective in this mutant. The accumulation of unspliced transcripts was, however, higher in the upf1D strain than in wild-type, indicating that NMD is used to limit the accumulation of unspliced RPS29B precursors generated during amino acid starvation. We could not detect an increase of unspliced precursors for RPL22B in the upf1D strain, possibly because the very high levels of unspliced precursors observed before the shift could mask the small increase of unspliced transcripts observed in the wild-type (1.8-fold). As a negative control, RPL25, which is not an NMD target and was not found to be affected by amino acids starvation, did not exhibit unspliced transcripts accumulation during this treatment ( Figure 7 ). In conclusion, the results observed with RPS29B show that NMD is used to limit the amount of some unspliced transcripts resulting from splicing inhibition during amino acid starvation.
DISCUSSION
In this study, we revisited the effect of the inactivation of the Upf1p and Xrn1p components of the NMD system on unspliced pre-mRNA accumulation in yeast. We show, using tiling arrays, that a significant fraction of the yeast intronome population is affected by NMD inactivation, as 31% of RPGs and 33% of all introns show an accumulation of unspliced precursors when Upf1p is inactivated. The phenotypes observed in the upf1D or xrn1D strains are most of the time similar ( Figure S2 ). Some exceptions were found, including YRA1, which has been shown to rely on a sequence-specific degradation system to degrade its inefficiently spliced precursors (Dong et al., 2007; Preker and Guthrie, 2006) . Previous splicing microarray analysis of the upf1D, xrn1D, and upf3D mutants failed to reveal a widespread effect of NMD mutations on unspliced precursor accumulation (Burckin et al., 2005; Clark et al., 2002; Pleiss et al., 2007) and in particular on RPGs (Pleiss et al., 2007) . While these results may seem contradictory to those presented here, it should be noted that these studies were focused on detecting the effects of splicing mutations or inhibition during stress. Since the accumulation of unspliced precursors is usually higher in splicing mutants than in NMD mutants (Figure 2) , it is possible that these previous studies did not consider the increase of unspliced precursors observed in NMD mutants significant. Another possibility to explain this apparent discrepancy may be that using tiling arrays, which cover a large fraction of the intronic sequences, increased the detection of smaller effects, leading to a higher sensitivity. Regardless of these differences, our results, combined with studies showing intronic detection by tiling arrays in the debranching enzyme mutant (Juneau et al., 2007; Zhang et al., 2007) , demonstrate that these arrays are efficient to detect changes in ICG transcripts accumulation, as differences predicted by tiling array profiles were confirmed by northern blot analysis ( Figure 2B ).
What Are The Determinants of NMD Targeting for Unspliced Yeast Pre-mRNAs?
In the case of transcripts for which we did not detect any unspliced pre-mRNAs accumulation in upf1D or xrn1D strains, we do not know whether this reflects very efficient splicing or whether some precursors escape splicing but are degraded by alternative degradation pathways. In the first hypothesis, these transcripts might represent a subpopulation with a high level of cotranscriptional splicing (Moore et al., 2006; Tardiff et al., 2006) , minimizing the production of unspliced pre-mRNAs. However, many ICGs, which do not show cotranscriptional spliceosome recruitment, do not show any unspliced precursor 
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Yeast Unspliced Pre-mRNAs Degradation by NMD accumulation in NMD mutants either (data not shown). Results from Moore et al. (2006) are consistent with the hypothesis that these transcripts are retained in the nucleus by Mlp1p and degraded by the nuclear exosome. Therefore, these results would be inconsistent with the idea that a lack of cotranscriptional splicing favors NMD targeting. Instead, we prefer the idea that unspliced precursors that accumulate in upf1D or xrn1D strains correspond to inefficiently spliced transcripts, not because of a lack of cotranscriptional splicing but because of intronic features. In favor of this hypothesis is the observation that introns containing suboptimal splicing signals are enriched in NMD targets and that restoring the suboptimal branchpoint of the RPL19A intron back to the canonical sequence is sufficient to prevent unspliced precursors accumulation in the upf1D strain ( Figure 4D ). This strongly suggests that NMD targeting is determined by intronic features, which ultimately drives splicing efficiency. The suboptimal splicing of the other fraction of NMDsensitive transcripts that present canonical splice site signals could result from competing secondary structures (Goguel et al., 1993) or trans-acting effects. This model cannot completely explain why certain precursors resulting from splicing mutations, including the historical ACT1 model, are immune to NMD ( Figure 5C ). These transcripts are degraded by other deg- radation systems, such as the nuclear exosome for some meiotic pre-mRNAs (Moore et al., 2006) or by Xrn1p in the cytoplasm (Hilleren and Parker, 2003; Scherrer and Spingola, 2006) . The determinants of this differential targeting remain to be investigated.
Significance of NMD-Dependent Degradation of Unspliced Pre-mRNAs
The involvement of NMD in the degradation of a large number of unspliced transcript is not unprecedented and seems to be conserved throughout eukaryotic evolution. In C. elegans, NMD degrades inefficiently spliced ribosomal protein precursor transcripts (Mitrovich and Anderson, 2000) , and in Paramecia, NMD also limits the accumulation of unspliced precursors (Jaillon et al., 2008) . Therefore, this phylogenetic conservation probably reflects an important role for NMD in the degradation of unspliced precursors of suboptimally spliced transcripts. This function is important for cell survival as the deletion of the NMD component Upf1p is synthetic lethal with the inactivation of the splicing/nuclear retention factor BBP/ScSF1 (Rutz and Seraphin, 2000) . This suggests that NMD might be required to prevent the cellular toxicity generated by high amounts of unspliced cytoplasmic transcripts.
Ribosomal protein genes are highly and tightly regulated at many levels in yeast, including splicing (Warner, 1999; Zhao et al., 2003) . The large number of RPGs identified here as NMD targets suggests that NMD might be involved in preventing the accumulation of unspliced RPG transcripts generated during regulated splicing throughout various physiological conditions. To illustrate this point, we found that NMD limits the levels of unspliced RPS29B precursors generated by splicing inhibition during amino acid starvation (Pleiss et al., 2007) . Thus, NMD plays a role in limiting accumulation of unspliced precursors during a known physiological stress, and it could play a similar role under other conditions that have yet to be determined, such as other stresses or life stages that result in modulations of splicing efficiency.
EXPERIMENTAL PROCEDURES

Strains and Media
The list of yeast strains used in this study is provided in the Supplemental Data. Strains used for tiling array profiling were grown in synthetic complete medium. All other strains were grown in YPD. Cells were harvested during log phase (OD 600 , 0.4 to 0.8). Amino acid starvation experiments were performed as described (Pleiss et al., 2007) . Strains were constructed via one-step PCR product-based gene disruption (Longtine et al., 1998) or by delitto perfetto (Storici et al., 2001 ).
Microarray Analysis
Four biological replicates of wild-type, upf1D, and xrn1D from the BY4741 background were grown independently and analyzed by Affymetrix yeast tiling microarray analysis. Probes preparation, hybridization, and tiling array scanning were performed according to the manufacturer's instructions. Methods used for bioinformatics analysis of the tiling arrays are described in the Supplemental Data.
Northern Blots and Fluorescent In Situ Hybridization
Northern blots were hybridized with radioactive probes in Church buffer (250 mM sodium phosphate, pH 7.2; 1% bovine serum albumin; 7% sodium dodecyl sulfate; and 1 mM EDTA) at 67 C-70 C overnight and washed twice at room temperature with 23 SSPE with 0.1% SDS for 20 min, then at room temperature in 0.13 SSPE, 0.1% SDS. A last wash with prewarmed 0.13 SSPE buffer with 0.1% SDS was performed at 67 C for 5 min. All probes were antisense riboprobes with the exception of the G3PDH and SCR1 probes, generated by random priming from PCR products. Riboprobes were synthesized using Ambion T3 MaxiScript kits (Supplemental Experimental Procedures) from PCR templates in which a T3 RNA polymerase promoter had been incorporated through the reverse primer. Blots were imaged using a Molecular Dynamics Phosphorimager Scanner or a compatible Bio-Rad scanner system. FISH with the RPS10B intronic probe was performed as described in Supplemental Experimental Procedures. FISH with the U14 probe was performed as described (Henras et al., 2004) .
ACCESSION NUMBERS
Microarray data are accessible in the GEO database (accession number GSE11621).
SUPPLEMENTAL DATA
The Supplemental Data include Supplemental Experimental Procedures, three tables, and seven figures and can be found with this article online at http:// www.molecule.org/cgi/content/full/31/3/360/DC1/.
